Accumulation of misfolded secretory proteins causes cellular stress and induces the endoplasmic reticulum (ER) stress pathway, the unfolded protein response (UPR). Although the UPR has been extensively studied, little is known about the molecular changes that distinguish the homeostatic and stressed ER. The increase in levels of misfolded proteins and formation of complexes with chaperones during ER stress are predicted to further crowd the already crowded ER lumen. Surprisingly, using live cell fluorescence microscopy and an inert ER reporter, we find the crowdedness of stressed ER, treated acutely with tunicamycin or DTT, either is comparable to homeostasis or significantly decreases in multiple cell types. In contrast, photobleaching experiments revealed a GFP-tagged variant of the ER chaperone BiP rapidly undergoes a reversible quantitative decrease in diffusion as misfolded proteins accumulate. BiP mobility is sensitive to exceptionally low levels of misfolded protein stressors and can detect intermediate states of BiP availability. Decreased BiP availability temporally correlates with UPR markers, but restoration of BiP availability correlates less well. Thus, BiP availability represents a novel and powerful tool for reporting global secretory protein misfolding levels and investigating the molecular events of ER stress in single cells, independent of traditional UPR markers.
INTRODUCTION
Maintenance of homeostasis is essential for cell viability. The importance of homeostatic regulation is evident from the array of cellular pathways evolved to detect and respond to cellular stresses including oxidative damage, starvation, and the accumulation of misfolded proteins. Studies of misfolded protein stress can often be divided into two broad categories: 1) investigation of specific misfolded proteins and 2) detection of activation of stress pathway components. Although such approaches have provided valuable insights, neither approach evaluates the global levels of protein misfolding or the biophysical changes in the cellular environment that distinguish stress and homeostasis. Rephrased, one can ask, what does misfolded protein stress "look" like at the molecular level in cells? The answer to this question will help define the extent of stress and impact the mechanisms by which the cell can restore homeostasis.
In the homeostatic endoplasmic reticulum (ER), a constant influx of nascent secretory proteins (ϳ0.1-1 million per minute per cell) presents a significant challenge for correct protein folding and quality control (QC; Alberts et al., 1994) .
Multiple families of ER chaperones directly assist secretory protein folding and QC (Kleizen and Braakman, 2004) . The specialized folding environment of the ER can substantially remodel secretory proteins with posttranslational modifications, including disulfide bonds and N-linked glycosylation (Anken et al., 2005) . When such modifications are inhibited or proteins contain misfolding mutations, ER chaperones bind and retain misfolded secretory proteins to help prevent proteins from aggregating into large insoluble complexes (Ma and Hendershot, 2004) . Chaperones assist in refolding the proteins and can also help direct failed proteins to the ER-associated degradation (ERAD) machinery (Brodsky et al., 1999; Vembar and Brodsky, 2008) .
When misfolded secretory protein levels exceed the capacity of the ER QC machinery, an adaptive stress pathway termed the unfolded protein response (UPR) can be induced (Rutkowski and Kaufman, 2004; Bernales et al., 2006; Ron and Walter, 2007) . In metazoan cells, the UPR decreases the secretory protein burden, enhances protein-folding capacity of the ER, and promotes misfolded protein degradation (Meusser et al., 2005; Ron and Walter, 2007) . However, what happens to ER luminal crowdedness (viscosity) leading up to and during misfolded protein stress remains unclear. For example, do chaperone-misfolded protein complexes obstruct the ER lumen?
During homeostasis, the luminal environment of the ER significantly impacts chaperone availability. The crowded environment (100 mg/ml protein) and the complex threedimensional architecture of tubules and cisterna create a highly tortuos space. The combined effect decreases diffusion and hence the "availability" of molecules by up to threefold relative to that of the cytoplasm (Dayel et al., 1999; Siggia et al., 2000; Sbalzarini et al., 2005) . The decreased mobility of molecules in the ER increases the challenge of chaperones to encounter unfolded nascent peptides before the peptides misfold. Chaperone availability will depend on chaperone concentration, substrate concentration, duration This article was published online ahead of print in MBoC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E09 -12-1066) on April 21, 2010. of association, and the mobilities (measured by diffusion coefficients) of the chaperones and substrates. Mobile chaperones must be available at sufficient concentrations and diffusion coefficients to encounter client proteins in the window of time needed to prevent off pathway folding. Some ER chaperones, including binding immunoglobulin protein (BiP), approach millimolar concentrations (Guth et al., 2004; Gilchrist et al., 2006) . The mobility parameters of most chaperones or substrates have not been established.
In homeostatic cells, the ER lumen appears to be fluid. Live cell photobleaching experiments have revealed that small proteins, such as an ER-localized green fluorescent protein (ER-GFP), diffuse freely in the ER lumen (Dayel et al., 1999; Snapp et al., 2004 Snapp et al., , 2006 . Some protein misfolding stresses including brefeldin A, hypertonicity, and low doses (1 mM) of dithiothreitol (DTT) have been acutely applied to the ER lumen and either have no significant effect or affect only modified luminal proteins, such as a glycosylated ER-GFP (Dayel et al., 1999; Nagaya et al., 2008) . The molecular and environmental changes caused by acute inducers of global protein misfolding, such as tunicamycin (Tm) and high doses (5-10 mM) of DTT, have not been extensively investigated in the ER lumen. It remains unclear if the effects of distinct misfolded protein stresses on the ER share common biophysical features.
Misfolded protein accumulation correlates with UPR activation, but it has not been established whether the activation state of the UPR reflects the level of misfolded proteins in cells (Credle et al., 2005; Zhou et al., 2006; Kimata et al., 2007) . Measurement of global levels of misfolded proteins in cells remains a major technical challenge. In addition, not all misfolded secretory proteins activate the UPR. For example, the ␣1-antitrypsin Z mutant aggregates in hepatocytes, but does not trigger the UPR (Hidvegi et al., 2005) . Thus, measurement of the levels of ER-retained secretory proteins would not necessarily indicate ER stress. What distinguishes a UPR stress from "mere" misfolded protein accumulation may relate to the degree of BiP availability (Bertolotti et al., 2000; Credle et al., 2005; Oikawa et al., 2009) .
To restore homeostasis and increase the folding capacity of the ER, the UPR increases expression of ER chaperones, especially the essential Hsp70 family member BiP (Yoshida et al., 1998; Travers et al., 2000; Lee et al., 2003) . BiP plays a key role in secretory protein QC (Brodsky et al., 1995; Gething, 1999; Kabani et al., 2003; Hendershot, 2004; Kang et al., 2006) . In metazoans, BiP regulates the UPR by binding the UPR stress sensors ATF6, PERK, and IRE1. Release from the sensors leads to activation of UPR signaling and effector pathways (Bertolotti et al., 2000; Shen et al., 2002; Kimata et al., 2004; Oikawa et al., 2009) . During both homeostasis and ER stress, BiP binds exposed hydrophobic domains of nascent and misfolded proteins to prevent aggregation and helps retain incompletely folded proteins in the ER (Haas, 1994; Gething, 1999) . BiP can bind secretory protein domains that fail to be posttranslationally modified with N-linked sugars or disulfide bonds (Machamer et al., 1990; de Silva et al., 1993; Lodish and Kong, 1993; Molinari and Helenius, 2000) . After global misfolded protein stress induced by treatments such as DTT (10 mM for 30 min) and Tm (2 g/ml for 8 h), a substantial fraction of BiP incorporates into highmolecular-weight and insoluble complexes (Marciniak et al., 2004; Kang et al., 2006) . Taken together, BiP is a generalist chaperone that can bind a variety of substrates under an array of conditions and is therefore an excellent candidate for a chaperone whose occupancy reflects levels of incompletely folded or misfolded proteins. In this study, we in-vestigated how BiP occupancy differs between homeostasis and stress in single live cells.
A related issue concerns what happens to the availability of ER chaperones as misfolded proteins accumulate. In the crowded ER lumen, protein folding efficiency depends on the availability of chaperones (Ellis, 2001) . During stress, are chaperone-bound substrates partitioned within subdomains of the ER? Are complexes of misfolded proteins mobile? Immobilization of misfolded proteins would impact the mechanism of clearance to restore homeostasis. Degradative machinery must be able to encounter and interact with the immobilized proteins. Imaging studies in homeostatic cells indicate at least some ER chaperones, such as calreticulin and GRP94, can readily diffuse throughout the ER lumen (Snapp et al., 2006; Ostrovsky et al., 2009) .
To better understand the physical differences between homeostasis and misfolded protein stress in the ER, we first asked how the overall ER lumen changes. Then, we directly examined the unfolded protein burden in live homeostatic and stressed cells. DTT (Fisher Scientific, Pittsburgh, PA) was dissolved in distilled H 2 O in a 1 M stock and Tm (Calbiochem, La Jolla, CA) was dissolved in DMSO as a 5 mg/ml stock and used at the concentrations and times indicated.
MATERIALS AND METHODS

Drugs
Plasmid Constructions
Hamster BiP cDNA (from Amy Lee at the University of Southern California) was PCR amplified with the following primers: forward: 5Ј GATCAGATC-TACCATGAAGTTCCCTATG and reverse: 5Ј GATCGGATCCCCTTCTGAT-GTATCCTC, to remove the COOH-terminal KDEL sequence and add BamHI and BglII sites for ease of subcloning into a monomeric GFP (Snapp et al., 2003b) or mCherry (Shaner et al., 2004) vector based on the Clontech N1-GFP backbone (Palo Alto, CA). Both fluorophores were modified to contain a KDEL sequence at the COOH terminus for localization of BiP to the ER.
ER-mKate2 was constructed by fusing the bovine prolactin signal sequence and the 10 amino acids after the signal cleavage site to the N1-mKate2 vector (MBL International, San Diego, CA). The construct was further modified by PCR to append a KDEL sequence to the COOH terminus of the mKate2 sequence, and the construct was reinserted into the N1-mKate2 vector.
All constructs were confirmed by sequencing. ER-GFP, ER-red fluorescent protein (RFP), and calreticulin-GFP have been previously described (Snapp et al., 2006) . Murine immunoglobulin heavy chain GFP (IgHC-GFP) was provided by Linda Hendershot (St. Jude Children's Research Hospital). All constructs were transiently transfected for 16 -48 h into cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Cells
HepG2, Cos7, Madin-Darby canine kidney (MDCK), U2-OS, and HeLa cells were all grown in RPMI lacking phenol red plus l-glutamine, 10% heat -inactivated fetal bovine serum, and penicillin/streptomycin at 37°C in 5% CO 2 . Stable BiP-GFP MDCK cells were cultured with 450 g/ml G418 (Invitrogen). Highly expressing cells transiently transfected for BiP-GFP exhibited intense immobile fluorescent accumulations on the nuclear envelope and adjacent to the nuclear envelope (Supplemental Figure 5A ). For this reason, we limited imaging to low to moderate expressing cells that did not exhibit such structures. Using these criteria, we observed no significant quantitative differences in BiP-GFP mobility in transiently or stably transfected cells (Supplemental Figure 5B ). For all imaging experiments, cells were grown in eight-well LabTek coverglass chambers (Nunc, Naperville, IL).
Immunofluorescence and Imaging of Live and Fixed Cells
Cells were imaged in phenol red-free RPMI supplemented with 10 mM HEPES, glutamine, and 10% fetal bovine serum. Live cells were imaged on a 37°C environmentally controlled chamber of a confocal microscope system (Duoscan; Carl Zeiss MicroImaging, Thornwood, NY) with a 63ϫ/1.4 NA oil objective and a 489-nm 100-mW diode laser with a 500 -550-nm bandpass filter for GFP and a 40-mW 561-nm diode laser with a 565-nm longpass filter for mCherry or mRFP. Composite figures were prepared using Photoshop CS4 and Illustrator CS4 software (Adobe Systems, San Jose, CA).
Photobleaching Analysis
Fluorescence recovery after photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP) were performed by photobleaching a small region of interest (ROI) and monitoring fluorescence recovery or loss over time, as described previously Snapp et al., 2003a) . Fluorescence intensity plots and D measurements were calculated as described previously Snapp et al., 2003a) . To create the fluorescence recovery curves, the fluorescence intensities were converted into a 0 -100% scale and were plotted using Kaleidagraph 3.5 (Synergy Software, Reading, PA). p values were calculated using a Student's two-tailed t test in Excel (Microsoft, Redmond, WA) or Prism 5.0 (GraphPad Software, San Diego, CA). The relatively large spread of D values for ER proteins likely reflects differences in ER geometry between cells (Sbalzarini et al., 2005) . For this reason, we use the more stringent significance cutoff of p Յ 0.01 to define differences in distributions as statistically significant in FRAP analyses. Composite figures were prepared using Photoshop and Illustrator CS4 software (Adobe).
Immunoblots and Pulldowns
Total cell lysates for immunoblotting were prepared in 1% SDS, 0.1 M Tris, pH 8.0, using cells in six-well plates at 80 -90% confluence. Proteins were separated using 12% Tris-tricine gels, transferred to nitrocellulose, probed with the indicated antibodies, and developed using enhanced chemiluminescent reagents from Pierce (Rockford, IL) and exposed to x-ray film. Antibodies used included anti-GFP (a gift from Ramanujan S. Hegde, National Institutes of Health), anti-phospho-eIF2␣ (Epitomics, Burlingame, CA), anti-tRFP (Evrogen, Moscow, Russia), horseradish peroxidase-labeled anti-rabbit and antimouse (Jackson ImmunoResearch Laboratories, West Grove, PA), and anti-BiP (BD mouse 610979 or Sigma-Aldrich, St. Louis, MO; ET-21).
For pulldown analyses, cells in six-well plates were washed twice with 1ϫ PBS and lysed with pulldown buffer (1% Triton X-100, 50 mM HEPES, pH 7.4, 100 mM NaCl) containing EDTA-free protease inhibitor cocktail (Roche, Indianapolis, IN) and 10 U apyrase or 50 U/ml and 15 mM glucose to deplete cellular ATP to lock BiP-GFP onto substrates. Lysates were clarified for 10 min at maximum speed in a microcentrifuge at 4°C and incubated for 2 h at 4°C with Affi-gel protein A beads (Bio-Rad, Richmond, CA). The beads were washed four times in pulldown buffer and once in distilled water, eluted with SDS-PAGE sample buffer, and analyzed on 12% Tris/glycine minigels, followed by blotting, staining, and development as for immunoblots.
XBP1 Splicing Assay
For detection of XBP1, total RNA was harvested using TRIZol (Invitrogen) according to manufacturer's protocol. Using XBP1-specific primers and Titan One-Tube PCR kit (Roche), unspliced and spliced variants of XBP1 were amplified according manufacturer's protocol, with annealing temperature at 52°C. The PCR products were run on 3% agarose gel and visualized with GelRed (Biotium, Hayward, CA). The gel image was processed using Adobe Photoshop CS4.
The following human XBP1 primers were used: XBP1F: 5Ј-CCTTGTAGT-TGAGAACC-3Ј; XBP1R: 5Ј-CTGGGGAAGGGCATTTG-3Ј.
Statistics
To minimize cell-to-cell variables such as cell cycle stage or contact inhibition, we always selected flat, mononucleate, nonmitotic cells in cultures at between 40 and 70% confluence for analysis. We used a two-tailed Student's t test (Prism 5.0) to compare the different conditions. Variances of data sets were compared using an F-test (Prism) to establish whether to use equal or nonequal variance t tests. Significance was tested using ␣ Յ 0.01.
RESULTS
Rationale and Experimental Approach
In this study, we wanted to investigate the burden of acute misfolded protein stress on the ER, independent of UPR activation. First, we determined whether or not the viscosity of the ER lumen changes during misfolded protein stress. Second, we asked if the availability of the ER QC machinery, especially BiP, decreases during the acute accumulation of nascent misfolded proteins. Although BiP availability decreases in cellular fractionation experiments (Marciniak et al., 2004; Kang et al., 2006) , it remains unclear if all cells are similarly stressed at the same rate and whether stress occurs homogenously throughout the ER or within subdomains. Monitoring BiP in single cells could help resolve these questions.
To explore luminal viscosity and chaperone availability, we expressed fluorescent probes in live cells and used pho-tobleaching techniques to measure changes in probe mobility (Lippincott-Schwartz et al., 2001; Wouters et al., 2001 ). An inert probe, ER-GFP, reports on general parameters of the ER environment including its crowdedness and interconnectivity, two variables that directly impact ER QC machinery availability. The second probe is a GFP-tagged ER chaperone whose interactions with substrates could be tracked by changes in its diffusion. For these tools to accurately report changes, the ER environment must remain intact and the stressors must not alter our probes. Not all stressors meet these criteria. For example, calcium depletion by A21387 treatment can induce ER fragmentation (Subramanian and Meyer, 1997) . For our study, we first identified doses of two commonly used pharmacologic stressors, Tm and DTT, which promote global misfolding of nascent secretory proteins that do not acutely alter or disrupt ER structure (Supplemental Figure 1 ). DTT predominantly affects denatured and nascent proteins (Tatu et al., 1993) . Secretory proteins that lack disulfide bonds and post-ER compartments of the secretory pathway appear to remain functional in DTT (Lodish and Kong, 1993; Tatu et al., 1993) . Neither of our probes, ER-GFP, ER-RFP nor BiP contain N-glycosylation consensus sequences nor disulfide bonds that would be affected by the drug treatments (Hendershot et al., 1996) . Together, DTT and Tm satisfy our criteria that only newly synthesized proteins will misfold, leaving the preexisting QC machinery intact and capable of responding to the accumulation of misfolded protein under acute treatment conditions. Prolonged treatments (12ϩ h) represent adaptation by the cell and will be investigated in a future study.
Acute Misfolded Protein Accumulation and Luminal ER Viscosity
The viscosity of the ER lumen during homeostasis in living cells has been previously described through the use of an average sized protein, ER-GFP, which has no known interacting partners and rapidly samples the entire ER lumen (Dayel et al., 1999; Snapp et al., 2006) . Functional GFP folds independently of chaperones and exhibits fluorescence only when properly folded (Cubitt et al., 1995) . Using the photobleaching technique FRAP, the diffusion of ER-GFP fluorescence can report changes in the ability of an ER protein to sample its environment (Dayel et al., 1999; Snapp et al., 2006) . Mobility or availability changes are reflected in the diffusion coefficient, D, which quantitates both changes in the environment and the size of a molecule or an associated complex (Snapp et al., 2003a) . In the Stokes Einstein equation, D is inversely proportional to environmental crowdedness (viscosity) multiplied by the hydrodynamic radius (R h ; Einstein, 1905) . A doubling of D indicates the molecule can now stochastically sample an area in half the time. Similarly, an increase in protein complex size by a factor of two would decrease D by half. Thus, even modest changes in D can reflect biologically significant changes. Within the ER, decreased ER-GFP mobility would indicate decreased access of nascent or misfolded proteins to ER chaperones. In unstressed cells, ER-GFP rapidly samples the ER, indicating small to moderate sized proteins are readily available for their substrates.
Misfolded proteins and misfolded protein-chaperone complexes accumulate in the ER with acute DTT and Tm stresses (Machamer et al., 1990; de Silva et al., 1993; Kuznetsov et al., 1997; Anken et al., 2005) . We asked if misfolded proteins measurably increase ER crowdedness ( Figure 1A ). Transiently transfected HepG2 cells were analyzed by FRAP of a discrete ROI in a cell with intense laser light, followed by monitoring the movement of unbleached ER-GFP or ER-RFP into the ROI with low-intensity laser light ( Figure 1B ). FRAP analysis of ER-RFP in steady-state ER yielded a mean D value of 9.1 m 2 /s ( Figure 1C and Table 1 ), comparable to previously reported values (Dayel et al., 1999; Snapp et al., 2006) . FRAP of Tm-treated cells revealed ER-RFP remains mobile even during acute misfolded protein stress ( Figure  1B ). Addition of Tm or DTT did not significantly alter mean D values ( Figure 1C and Table 1 ). In contrast, Tm treatment increased ER-RFP mobility significantly in MDCK cells. Increased mobility indicates a decreased viscosity and most likely reflects an increase in ER volume. A recent study from Schuck et al. (2009) reports acute ER stress stimulates ER expansion in yeast. In mammalian cells, UPR stressors can also stimulate ER expansion, but data are not available for relatively short treatment times (Rutkowski et al., 2006) . Potentially, properties of HepG2 and MDCK cells including ER geometry, the role of HepG2 hepatocyte-derived cells as professional secretory cells, tolerance for misfolded proteins, and cargo could account for the differences in Tm sensitivity. Regardless of the cell type differences, we can conclude an acute accumulation of misfolded secretory proteins does not generally impair mobility of an inert reporter in the ER lumen and may even lead to increased mobility ( Figure 1C ).
Previous studies have reported a range of ER-GFP mobilities depending on the type of perturbation of ER homeostasis. Altered osmolarity (Dayel et al., 1999; Nagaya et al., 2008) had little effect on ER-GFP mobility. Protein misfolding treatments had more pronounced effects. Treatments that disrupted the secretory pathway or dilated the ER (brefeldin A for 5 h or Tm 5 g/ml for 18 h; Dayel et al., 1999; Rutkowski et al., 2006) increased ER-GFP mobility (Dayel et al., 1999; Nehls et al., 2000) . Other stresses, such as ATP depletion, which globally disrupts cellular enzymes, profoundly decreases ER-GFP mobility (Nehls et al., 2000) . Taken together with the findings in Figure 1 , we conclude that misfolded proteins per se do not increase the viscosity of the ER lumen.
Generation and Characterization of a Functional BiP-GFP
Are there any measurable changes in live cells that can specifically report on levels of misfolded proteins? A recently reported, redox-sensitive fluorescent protein revealed an increase in the reducing potential of the normally oxidizing ER during a variety of misfolded protein stresses in yeast (Merksamer et al., 2008) . This probe represents an important real time reporter of ER changes related to misfolded secretory protein stress. However, the redox probe ultimately does not directly measure levels of protein misfolding, but rather the environmental consequences of secretory protein misfolding. We sought to create a sensitive and robust probe to detect changes in misfolded secretory protein levels.
The abilities of BiP to bind misfolded proteins and incorporate into large complexes are ideal properties for a live cell diffusion-based reporter (Haas, 1994; Marciniak et al., 2004; Kang et al., 2006) . Association with large complexes should either slow or even immobilize BiP within the ER lumen.
Therefore, we constructed a functional BiP-GFP ( Figure  2A ). Rational design of BiP-GFP (Figure 2A ) mirrored the Table 1. closely related functional GFP fusion with the essential BiP homolog Kar2p in haploid yeast (Huh et al., 2003) . When expressed in cells, our construct correctly colocalizes in a tubular network pattern with ER-RFP ( Figure 2B ). In an immunoblot BiP-GFP migrates more slowly than wild-type BiP, consistent with the larger size of the BiP-GFP ( Figure   2C ). To confirm functionality of BiP-GFP, we tested whether the chaperone could interact with a classic BiP substrate, IgHC fused to EGFP. IgHC binds protein A affigel, and we exploited this feature for pulldown assays (Awad et al., 2008) . Cells transfected with IgHC-GFP and BiP-GFP, separately or together, were lysed and incubated with protein A, and the bound proteins were probed in immunoblots with anti-GFP. Bound BiP-GFP was only detected when lysates also contained IgHC, consistent with substrate binding (Figure 2D) .
BiP Availability in the Homeostatic ER
First, we asked how available BiP is in the ER lumen during homeostasis with another photobleaching technique termed FLIP (Ellenberg et al., 1997) . The technique resembles FRAP, except the ROI is photobleached multiple times, alternating intense bleaches with image acquisition at low laser power. If a molecule is mobile and localizes within a continuous compartment that passes through the ROI, fluorescence will be depleted from that compartment. The extent of fluorescence depletion will depend on the molecule's D value, the length of the FLIP experiment, and whether a subpopulation of the molecule is immobilized by binding or constrained in a discontinuous compartment. FLIP revealed that BiP-GFP fluorescence could be homogenously depleted from the entire ER ( Figure 3A) . Thus, during homeostasis, the majority of BiP is mobile throughout the ER and little, if any, BiP is sequestered within ER subcompartments. These data do not rule out the presence of small subpopulations of immobilized BiP, such as BiP bound to inactive ER translocation channels (Alder et al., 2005) or to UPR sensors (Rutkowski and Kaufman, 2004) . This is because cellular autofluorescence often obscures signals from low densities of GFP (Niswender et al., 1995) .
Next, we quantitated how available BiP-GFP is in homeostatic cells. FRAP and diffusional analysis of BiP-GFP could reveal whether the majority of BiP diffuses freely or is incorporated into complexes with substrates. We performed FRAP of BiP-GFP and compared its mean D value relative to ER-GFP (Table 1) . The much larger BiP-GFP diffused significantly more slowly than the smaller ER-GFP. In a complimentary experiment, we coexpressed BiP-GFP with ER-RFP. These fluorescently labeled proteins can be imaged simultaneously and photobleached in the same ROI. Given the predicted size differences of BiP-GFP (R h ϭ 4.1 nm for the closely related DnaK plus R h ϭ 2.3 nm for GFP for a combined R h of 6.4 nm; Shi et al., 1996; Hink et al., 2000) and ER-RFP (R h ϭ 2.3 nm for the closely related mCherry; Frey and Gorlich, 2009), ER-RFP would be predicted to recover much more rapidly. FRAP results in Figure 3 , B and C, confirm this prediction, and eventually, BiP-GFP fluorescence intensity recovers ( Figure 3C ). Based on the R h value (2.3 nm) and the D value of ER-GFP (6.6 m 2 /s; Table 1 ) and using the Stokes-Einstein relationship, BiP-GFP D is predicted to be 2.4 m 2 /s. However, BiP-GFP D is much lower, at 0.6 m 2 /s (Table 1) Figure 3D) . Similarly, introduction of the P495L mutation, which impairs BiP interactions with substrates (Kabani et al., 2003) doubles the mobility of the mutant relative to BiP-GFP (Figure 3E) . Both values more closely approximate the predicted D for BiP-GFP (1.9 m 2 /s). The remaining differences may reflect association of BiP with cofactors (i.e., ERdj proteins) or other chaperones (Meunier et al., 2002; Weitzmann et al., 2007) .
BiP-GFP as a Reporter of Misfolded Protein Stress
It has been impractical to directly measure the concentration of unfolded proteins in vivo. The main problems have been the lack of a tag to identify misfolded proteins and a method for detecting such a tag in live cells. Proteins can misfold in a number of ways ranging from the formation of insoluble aggregates to a subtle disturbance of functional conformation. Pharmacologic perturbations, such as Tm treatment, can inhibit posttranslational modifications that are essential for the folding of some proteins or well tolerated by other proteins. Also, Tm could indirectly promote protein misfolding. For example, a misfolded, normally glycosylated, QC protein could affect folding of a substrate protein, independent of whether the substrate is normally glycosylated. In another example, Gidalevitz et al. (2006) elegantly used temperature-sensitive mutant proteins to detect disruption of the cytoplasmic protein QC machinery. The mutants misfolded, changing distribution and functionality, when a separate unrelated polyglutamine protein misfolded. Therefore, a sensor with the capacity to detect a variety of types of misfolded proteins is needed to directly measure global levels of misfolded proteins within the ER. If it were possible to detect changes in levels of BiP-bound substrates, we should be able to measure changes in levels of misfolded secretory proteins. As BiP substrates include integral membrane proteins, nearly immobile translocon-bound proteins, and some large luminal proteins, increasing BiP substrate levels should decrease BiP diffusion and possibly immobilize or sequester BiP within ER subdomains (Suzuki et al., 1991; Kim et al., 1992; Nikonov et al., 2002; Daniels et al., 2003; Wang et al., 2005) . To test this hypothesis, cells expressing BiP-GFP were treated with DTT and subjected to FLIP analysis ( Figure 4A ). BiP-GFP mobility substantially decreased, as evidenced by the much longer time required to deplete BiP fluorescence. We extended our observations to another cell type and stressor. Cos7 cells were transiently transfected with BiP-GFP and ER-RFP and treated with either DTT or Tm and then analyzed by FLIP (Figure 4, B and C) . In both cases, ER-RFP remains mobile, and fluorescence was depleted rapidly and homogenously within treated cells. Continued FLIP eventually homogenously depleted the majority of BiP-GFP fluorescence. Thus, under conditions typically used to in-duce secretory protein misfolding in cells, BiP-GFP does not become trapped or sequestered in a matrix.
Misfolded Protein Accumulation and BiP Availability
Next, we asked if BiP-GFP underwent a quantifiable change in availability during the accumulation of misfolded secretory proteins in the ER. DTT or Tm stresses were applied using cells transiently expressing BiP-GFP and ER-RFP, and cells were analyzed by FRAP ( Figure 5 ). To incorporate the data for both BiP-GFP and the inert ER reporter, D values for each protein were combined and plotted on x-y axes. Proteins in untreated cells will produce values that cluster (outlined boxes on plots). On treatment, movement away from the cluster can be viewed for both parameters. If the chaperone-GFP alone changes in mobility, then the effect is chaperone-specific. If both proteins D values increase or decrease in the same direction, then a change in the ER environment could account for the paired shift.
Using this approach, and consistent with Figure 1 , we observed no change in ER-RFP mobility upon treatment with DTT. In contrast, DTT-treated BiP-GFP quantitatively decreased in mobility ( Figure 5A ). Similar results were observed for Tm treatment (Figure 5B) , though decreased BiP-GFP D values varied more broadly, but were still statistically significant compared with untreated cells (Table 1) . The mobile fractions of BiP-GFP or ER-RFP did not significantly change with the treatments (83% for untreated vs. 77% for either Tm-or DTT-treated BiP-GFP and 97% for ER-RFP under all conditions). Other cell types, specifically U2-OS and MDCK cells, also displayed statistically significant decreases in BiP-GFP mobility after Tm treatment ( Figure 5 , C and D). Interestingly, ER-RFP mobility did not follow a general trend. The distribution of ER-RFP D values broadened for U2-OS, and D increased significantly in MDCK cells. Finally, DTT and Tm treatment significantly decreased BiP-GFP mobility in HepG2 and HeLa cells, respectively (Table 1 and Supplemental Figure 2) . Together, the FRAP analyses reveal that two acute misfolded protein stresses Stably transfected MDCK cells expressing BiP-GFP and treated with 10 mM DTT for 1 h and then subjected to FLIP. Note the BiP-GFP fluorescence is homogenously depleted, but much more slowly than in Figure 3A. (B and C) BiP-GFP availability remains homogenous throughout cells during the accumulation of misfolded proteins in the ER. Cos7 cells transiently transfected with BiP-GFP and ER-RFP were treated for 1 h with 10 mM DTT or 10 g/ml Tm for 5 h and then analyzed by FLIP. Red ER-RFP fluorescence in the bleached cell was depleted uniformly within 6 min, and green BiP-GFP fluorescence was virtually depleted by 19 min. Fluorescence loss was specific, as adjacent cells remained fluorescent. Scale bar, 10 m.
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Do other ER chaperones also decrease in mobility as misfolded proteins accumulate? The lectin chaperone calreticulin-GFP is similar in size to BiP-GFP, but primarily binds monoglucoses on N-linked sugars (Ware et al., 1995; Rodan et al., 1996; Snapp et al., 2006) . Unlike BiP, calreticulin-GFP dramatically increased in mobility after Tm treatment (Supplemental Figure 2A ). The results with calreticulin-GFP have two important implications for our interpretation of BiP-GFP mobility. First, these data argue against a possible sieving effect on BiP-GFP mobility. If large protein-chaperone complexes form in the ER, they could permit passage of smaller proteins, such as GFP, but obstruct larger proteins. However, the ability of calreticulin-GFP to diffuse rapidly in the Tm-treated ER indicates proteins similar in size to BiP-GFP (85 and 100 kDa) do not experience barriers and decreased mobility (Supplemental Figure 2B) . Second, the changes in chaperone mobility appear to be specific to chaperone substrate levels and/or size. The increase in calreticulin-GFP mobility is consistent with a decrease in substrate availability. The decrease in BiP mobility is consistent with biochemical data indicating a significant fraction of BiP becomes incorporated into large complexes because of increased levels of BiP substrates, decreased rates of release of BiP from substrates, and/or association of BiP with substrates bound to additional chaperones (Kuznetsov et al., 1997; Marciniak et al., 2004; Kang et al., 2006) .
Next, we asked how the distribution of BiP availability temporally decreased in individual stressed cells. Stably transfected BiP-GFP-expressing cells were treated with Tm and assayed by FRAP, and D values were binned ( Figure  6A ). After 20 min, a significant decrease in BiP-GFP D occurs, continues to decrease through the first 80 min and then remains low. Thus, BiP-GFP mobility decreased up to sixfold in a temporally resolvable manner with increasing levels or sizes of misfolded proteins. Addition of DMSO carrier had no significant effect on BiP-GFP mobility ( Figure 6B ). One concern for interpreting the experiment is the level of BiP-GFP could be in substantial excess of the native BiP, artificially generating a BiP reserve. One would predict higher levels of BiP-GFP per cell would correlate with relatively higher D values. Arguing against this interpretation is a lack of correlation between intensity of BiP-GFP per cell and D values (Supplemental Figure 3) .
Sensitivity of BiP to Acute Misfolded Protein Stress
After demonstrating that BiP mobility decreases with conditions that increase the levels of misfolded proteins, we asked what levels of misfolded proteins are needed to decrease BiP mobility. First, we asked how much misfolded substrate can a stressor, such as Tm, generate. A reporter construct, ER-mKate2, which contains a single N-linked glycosylation consensus site, was transfected into MDCK cells, which were then treated with varying amounts of Tm for 4 h. Analysis of an immunoblot of whole cell lysates ( Figure  7A ) revealed that even very low doses (10 g/ml) of Tm could produce detectable levels of nonglycosylated proteins. Higher doses more than doubled the amount of nonglycosylated protein. Applying the range of Tm concentrations to MDCK cells stably transfected with BiP-GFP and analyzed by FRAP produced a surprising result. Treatment with 1000 ng/ml Tm robustly decreased BiP-GFP mobility ( Figure 7B ). On the basis of the immunoblot results in Figure 7A , one might predict changes in BiP-GFP mobility would correlate with Tm dose and detectable nonglycosylated protein levels. Instead, doses as low as 25 ng/ml Tm decreased BiP-GFP mobility to a degree comparable to 1000 ng/ml. Furthermore, despite similar levels of nonglycosylated protein for 10 -50-ng/ml treatments, 10 ng/ml produced a significantly higher BiP-GFP mobility.
Two nonexclusive hypotheses could explain these data. First, glycoproteins appear to exhibit differing degrees of susceptibility to Tm (Rutkowski et al., 2006) . Thus, ER-mKate2 may not accurately report levels of misfolded protein in the ER. Although one might identify a more susceptible glycoprotein reporter than ER-mKate2, an important problem is highlighted. Would a more sensitive reporter more accurately report the global extent of protein misfolding? This point is directly relevant to the second hypothesis. Tm could indirectly promote misfolding of nonglycosylated proteins, either by preventing folding of newly synthesized unglycosylated QC proteins and depriving the cell of their activity or by depleting the existing pool of QC components and thus promoting misfolding of nonglycosylated proteins. Taken together, we postulate BiP-GFP mobility directly reports the global extent of protein misfolding. In this case, one does not have to monitor select glycoproteins or evaluate all secretory proteins by proteomic approaches to infer the levels of misfolded ER proteins.
The BiP-GFP assay does not require the UPR be activated, though our results in Figure 7C and Supplemental Figure 4 suggest a correlation between BiP-GFP mobility and the degree of UPR activation. BiP is critical for regulating activation of the UPR in mammalian cells (Bertolotti et al., 2000; Oikawa et al., 2009) . Mean BiP-GFP availability in cells at 4 h correlated well with the degree of UPR activation achieved by 24 h, as measured by an increase in BiP in untransfected cells. Up-regulation of BiP levels is a relatively slow process compared with BiP-GFP mobility changes. In the final experiment, we directly compare early UPR marker activation and BiP-GFP mobility.
Reversibility of Misfolded Protein Stress on BiP Mobility
BiP association with nascent proteins is necessarily reversible (Bole et al., 1986; Knittler and Haas, 1992) to allow nascent proteins to complete folding. In contrast, BiP has been reported to bind irreversibly to some unfoldable substrates (Hendershot, 1990; Vanhove et al., 2001) . At least some misfolded or aggregated proteins refold and releases from BiP (de Silva et al., 1990; Kim et al., 1992; Tatu et al., All treated D means for Tm concentrations of 10 ng/ml or greater are significantly lower than the untreated mean (p Յ 0.001). All treated means are significantly higher than those of 1000 ng/ml (p Յ 0.05); n Ն 11. Values indicate mean Ϯ SEM. (C) Immunoblot of nontransfected MDCK cells treated with indicated amounts of Tm for 4 or 24 h, lysed, and immunoblotted with anti-BiP (top blot) and reprobed with anti-␣ tubulin (bottom blot). No significant increase in BiP is observed in cells treated with less than 10 ng/ml Tm. Note that A and C blots have each been spliced from single blot images obtained at a single exposure. Discontinuous parts of the images have been marked with lines.
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Vol. 21, June 15, 2010 1993). Whether or not the global pool of misfolded proteins rapidly refolds and release from BiP after DTT removal is unclear. We investigated this question by performing FRAP on BiP-GFP-expressing cells untreated, treated with DTT for 30 -60 min, or followed by washing out the DTT for 1 h (Figure 8, A and C) . As previously observed, DTT treatment rapidly decreased BiP-GFP mobility, consistent with accumulation of misfolded BiP substrates in the ER. However, washout led to a complete recovery of BiP-GFP mobility within 1 h ( Figure 8A ). BiP-GFP must reversibly bind and release most misfolded substrates in cells. Therefore, BiP-GFP can be considered a dynamic sensor of misfolded protein stress, similar to FRET biosensors that reversibly change conformation depending on the presence or absence of substrate (Bunt and Wouters, 2004) . At any given time, the mobility of BiP-GFP represents the combined mobilities of unbound and substrate-bound chaperones. Conditions that alter the ratio of these two populations will be reflected in increases or decreases in BiP-GFP mobility. The DTT washout data suggest the levels of BiP substrates can be depleted quickly in cells after washout. The data do not distinguish between whether the misfolded proteins were degraded, aggregated, or correctly folded. ERAD rates for misfolded proteins do not appear to be fast enough to account for turnover of the misfolded proteins in 1 h. For example, mutant tyrosinase and Null Hong Kong ␣1-antitrypsin are degraded with 2-3-h halftimes (Svedine et al., 2004; Christianson et al., 2008) . In light of the ability of proteins such as VSVG (vesicular stomatitis virus glycoprotein) to rapidly refold (15 min) after DTT washout (Lodish and Kong, 1993; Tatu et al., 1993) , we favor the interpretation that the general pool of BiP substrates correctly refolds after DTT washout.
Finally, we asked how UPR activity compares to BiP-GFP availability. As with Tm treatment in Figure 7 , up-regulation of BiP levels occurs several hours downstream of an ER stress event ( Figure 8B) . In contrast, early markers, XBP1 splicing by Ire1 and eIF2␣ phosphorylation by PERK, are rapidly activated in cells and can be detected at the same time that BiP-GFP mobility significantly decreases (30 min; Figures 8, D and E) . Similarly, most eIF2␣ is dephosphorylated by the time BiP-GFP mobility returns to unstressed D values, but spliced XBP1 levels remain persistent for some time after stress resolution. Together, our results help establish the temporal relationship between misfolded protein stress and UPR status. Events most proximal to activation of UPR sensors can be activated exceptionally rapidly. However, attenuation of different aspects of the UPR does not appear directly related to stress levels. Levels of spliced XBP1 and BiP remained high or became elevated after resolution of the misfolded protein stress. Similarly, Wu et al. and Mori et al. (Yoshida et al., 2006; Wu et al., 2007) demonstrated several markers of UPR increase or are activated for several hours after a DTT washout. Persistent UPR markers and effectors represent the establishment of a new cellular state or "memory" reflecting the exposure to stressor and improved resistance to future stressors Burrill and Silver, 2010) .
Conceptually, the UPR must represent a distinct state from the accumulated misfolded secretory protein levels detected by BiP. Markers of the UPR indicate that misfolded proteins did accumulate in a cell, but the downstream effectors of the UPR do not necessarily indicate the presence or the levels of misfolded protein. In contrast, BiP-GFP mobility directly reports on levels of misfolded secretory protein.
Taken together, BiP-GFP represents an important new tool for studying the cell biology of secretory protein misfolding.
DISCUSSION
Although numerous assays are available to detect changes in the active state of UPR sensors or levels of UPR effectors, these assays only report whether a response has been initiated, not whether homeostasis has been restored. In this study, we sought to develop new UPR-independent measures of the levels and biophysical effects of misfolded secretory proteins in the ER.
First, we investigated how the ER luminal environment changes between homeostasis and the accumulation of misfolded proteins. No significant changes were observed in luminal crowdedness. Then, we examined how the availability of the key ER chaperone BiP changes spatially and temporally in response to misfolded proteins. We have presented evidence that BiP-GFP availability sensitively reports levels of global secretory protein misfolding, whether protein misfolding is induced with DTT or TM (Figures 4 -8 ). Both inducers of ER stress similarly decrease BiP-GFP availability. Misfolded protein levels could be detected rapidly in single cells ( Figures 7A and 8, A and C) . Thus, the BiP-GFP assay now provides a sensitive assay of misfolded secretory protein levels in live cells and will open new avenues of investigation.
The mobility of BiP-GFP will depend on a few key parameters. First, levels of BiP may differ significantly between tissue culture fibroblasts and professional secretory cells, such as a plasma B-cell or a pancreatic beta cell. BiP-GFP mobility represents the combined mobilities of the populations of free chaperones and chaperone-substrate complexes. The substrates will vary in size, the number of BiP occupancy sites, and the number of other chaperone occupancy sites and subenvironments (i.e., lumen or membrane). The dynamics of BiP binding and releasing from substrates, as well as availability of cofactors, such as ATP, GRP170, and ERdj proteins, will also influence BiP-GFP mobility (Weitzmann et al., 2007) . Thus, although accumulation of misfolded secretory proteins should produce the same general trend in decreased BiP-GFP mobility, the rate and degree of change are likely to vary significantly in different cell types.
Homeostasis and Misfolded Protein Stress
These photobleaching assays have provided a novel insight into the molecular organizational strategies evolved by the ER to maintain and restore homeostasis. Our probes reveal a highly dynamic ER environment and chaperones that remain mobile, albeit with lower D values, as misfolded substrates acutely accumulate. Maintaining chaperone mobility and luminal fluidity could conceivably aid in the restoration of homeostasis. BiP-GFP mobility in cells containing misfolded secretory proteins is consistent with previous reports of the mobility of misfolded secretory proteins, such as GFP-fused to temperature-sensitive VSVG protein or CFTR⌬508-GFP (Nehls et al., 2000; Haggie et al., 2002) . Together, our data suggest chaperone-misfolded protein complexes can readily diffuse to ER clearance sites, such as the ERAD machinery. In addition, new chaperones could enter and redistribute throughout the ER, unimpeded, to restore the balance of available QC machinery. In the future, it will be important to examine how the luminal environment changes with prolonged stress and UPR-modulated adaptation (Rutkowski et al., 2006; Schuck et al., 2009) .
